Na ϩ
Introduction

Na
ϩ /H ϩ exchangers (NHEs) catalyze the electroneutral exchange of protons (H ϩ ) and sodium (Na ϩ ) ions across cellular membranes and down their concentration gradients, thereby regulating the pH of the cytoplasm or organellar lumen (Orlowski and Grinstein, 2004; Brett et al., 2005) . To date, nine NHE family members have been identified in mammals. NHE1-5 are expressed on the plasma membrane in various cell types. NHE6-9 reside on intracellular organellar membranes of the endosomal/ trans-Golgi network (Orlowski and Grinstein, 2004; Brett et al., 2005) , although there is evidence that NHE8 is also located on brush border membranes of the renal proximal tubule (Goyal et al., 2005) . All of the NHE isoforms share a characteristic secondary structure composed of an NH 2 -terminal 10 -12 transmembrane ion translocation domain and a large hydrophilic COOHterminal regulatory domain (Brett et al., 2005) .
NHE1 is a ubiquitously expressed plasma membrane protein and the most abundant NHE isoform in the rat CNS (Ma and Haddad, 1997) . NHE1 serves the crucial function of protecting cells from internal acidification. In addition to an established role in intracellular pH and cell volume homeostasis, NHE1 can serve as a structural anchor for actin filaments (Denker et al., 2000) and as a plasma membrane scaffold in the assembly of signal complexes that are independent of its function as an ion exchanger (Baumgartner et al., 2004) . Therefore, NHE1 may promote signal transduction through diverse effector pathways.
In cardiac myocytes, NHE1 activity has been shown to contribute to the ionic imbalances occurring during ischemiareperfusion injury. In response to a marked intracellular acidosis and the accumulation of regulatory factors in ischemic heart, NHE1 activity is stimulated to restore pH i (Avkiran, 2001) . The concomitant Na ϩ accumulation leads to reversal of the Na ϩ / Ca 2ϩ exchanger and Ca 2ϩ overload that ultimately contributes to ischemic cell death in myocardium (Avkiran, 2001) .
The role of NHE1 in ion homeostasis in the CNS is not well understood. NHE1 is essential in the maintenance and regulation of pH i in cortical astrocytes (Mellergard et al., 1993; Shrode and Putnam, 1994; Kintner et al., 2004) and hippocampal neurons (Yao et al., 1999) . Our recent study of mouse cortical astrocytes demonstrated that NHE1 activity is significantly elevated after in vitro ischemia and leads to overload of intracellular Na ϩ and Ca 2ϩ . Thus, we hypothesized that activation of NHE1 after ischemia may subsequently cause ischemic cerebral damage via Na ϩ -and Ca 2ϩ -mediated toxic effects (Choi, 1995; Brookes et al., 2004) . In this study, we investigated whether NHE1 activation after ischemia has a significant impact on the loss of Na ϩ and Ca 2ϩ homeostasis and on ischemic neuronal cell death.
NHE activity is elevated in hippocampal neurons during either anoxia or reoxygenation (REOX) after hypoxia (Yao et al., 2001; Church, 2002, 2004; . Inhibition of NHE activity with nonselective inhibitor EIPA (amiloride derivative ethylisopropylamiloride) or a potent NHE inhibitor SM-20220 (N-aminoiminomethyl-1-methyl-1-indole-2-carboxamide methanesulfonate) significantly reduces loss of gerbil CA1 pyramidal neurons after global ischemia (Phillis et al., 1999) and the increase in rat brain Na ϩ and water content after focal ischemia (Kuribayashi et al., 1999) .
In this study, we used both a pharmacological approach, using the potent NHE1 inhibitor cariporide (HOE 642) , and genetic ablation of NHE1 to elucidate the function of NHE1 in ischemic neuronal cell damage. We report here that inhibition of NHE1 activity reduced neuronal cell death in both in vitro and in vivo ischemic models, thereby showing that NHE1 activity contributes to the perturbations of Na ϩ and Ca 2ϩ homeostasis in cerebral ischemia.
3 h for cell viability assay. For REOX, the cells were incubated for 21 h in 0.5 ml of EMEM containing 5.5 mM glucose at 37°C in the incubator with 5% CO 2 and atmospheric air. In our pilot studies, no significant differences were found in the neuronal toxicity assay after 2 h OGD/22 h REOX versus 3 h OGD/21 h REOX. For ionic measurements, the OGD incubation was 2 h in the hypoxic incubator, and REOX was performed on the microscope stage (in an open chamber with a buffer change every 10 min).
Normoxic control cells for cell viability assay were incubated for 3 h in 5% CO 2 and atmospheric air in a buffer identical to the OGD solution except for the addition of 5.5 mM glucose. After 3 h, the normoxic buffer was replaced with normal EMEM and cells were incubated for another 21 h. In the drug treatment studies, cells were pretreated with 1 M HOE 642 for 30 min and the drug remained present in all subsequent incubations and washes.
Measurement of cell death. Cell viability was assessed by propidium iodide (PI) uptake and retention of calcein using a Nikon TE 300 inverted epifluorescence microscope. Cultured neurons were rinsed with HEPES-MEM and incubated with 1 g/ml calcein-AM and 10 g/ml PI in the same buffer at 37°C for 30 min. The composition of HEPES-MEM was described previously (Su et al., 2002) . For cell counting, cells were rinsed with the isotonic control buffer and visualized using a Nikon (Tokyo, Japan) 20ϫ objective lens. Calcein and PI fluorescence were visualized using FITC filters and Texas Red filters as described previously (Beck et al., 2003) . Images were collected using a Princeton Instruments (Trenton, NJ) MicroMax CCD camera. In a blind manner, a total of 1000 cells/condition were counted using MetaMorph image-processing software (Universal Imaging, Downingtown, PA). Cell mortality was expressed as the ratio of PI-positive cells to the sum of calcein-positive and PI-positive cells.
Intracellular Na ϩ measurement. Intracellular Na ϩ concentration ([Na ϩ ] i ) was measured with the fluorescent dye SBFI-AM as described previously . Cultured neurons grown on coverslips were loaded with 10 M SBFI-AM plus 0.05% pluronic acid during 2 h of OGD. In our pilot study, OGD (2 h) did not significantly decrease retention of calcein fluorescence signal and fluorescent intensity of either pH indicator BCECF, Na ϩ dye SBFI, or Ca 2ϩ dye fura-2. Therefore, SBFI-AM and fura-2 AM were loaded during OGD throughout this study.
The coverslips were placed in an open-bath imaging chamber (model RC24; Warner Instruments, Hamden, CT) containing HEPES-MEM at ambient temperature. Using a Nikon TE 300 inverted epifluorescence microscope and a 40ϫ lens, neurons were excited every 30 s at 345 and 385 nm and the emission fluorescence at 510 nm recorded. Images were collected and the 345/385 ratios analyzed with the MetaFluor imageprocessing software as described previously (Su et al., 2002) . At the end of each experiment, absolute [Na ϩ ] i was determined for each cell by performing an in situ calibration as described previously (Su et al., 2002) .
Because severe phototoxicity and excitotoxicity were observed in neurons at 37°C, in the current study, all intracellular Na ϩ (except Fig. 4 D) as well as pH i and Ca 2ϩ measurements were performed at room temperature. Similar Na ϩ values under control and excitotoxic conditions were found in ambient temperature and 37°C (Beck et al., 2003) . To further reduce imaging-induced phototoxicity, the HEPES-MEM was supplemented with the following (in mM): 1.0 pyruvate, 0.4 ascorbic acid, 0.01 troloxC, and 0.1 butylated hydroxyanisole (Dent et al., 1999) . The supplement was present during imaging of all normoxic control and experimental neurons in 60 min REOX. High concentrations of Trolox C have been shown to prevent lipid peroxidation (IC 50 , ϳ30 -100 M), neurotoxicity (100 -750 M), and reduce Na ϩ influx (200 -1000 M) Kraus et al., 2005) . In our study, we used a low concentration and short exposure of Trolox C to minimize its broader neuroprotective functions. In addition, the supplements had no neuroprotection on cell mortality during 3 h of OGD and 21 h of REOX (data not shown).
Measurement of pH i. pH i measurement and prepulse treatment were performed at room temperature as described previously . Briefly, neurons grown on coverslips were incubated for 10 min with 2.5 M BCECF-AM in HEPES-buffered solution at ambient temperature. The coverslips were then washed and placed in the open-bath imaging chamber. The chamber was mounted on the stage of the TE 300 inverted epifluorescence microscope, and the neurons were visualized. The cells in the buffer supplemented with anti-oxidants were excited every 10 -30 s at 440 and 490 nm, and the emission fluorescence at 535 nm was recorded. Images were collected using a Princeton Instruments MicroMax CCD camera and analyzed with MetaFluor image-processing software. The ratio of the fluorescence emissions (F 490 /F 440 ) was calibrated using the high K ϩ /nigericin technique (Boyarsky et al., 1993) . NH 4 ϩ /NH 3 solutions were prepared by replacing 10 mM NaCl in the HEPES-buffered solution with an equimolar concentration of NH 4 Cl. pH i recovery was determined during the first min after NH 4 ϩ /NH 3 prepulse from the slope of a fitted linear regression .
Intracellular Ca 2ϩ measurement. Neurons grown on coverslips were incubated with 5 M fura-2 AM during 2 h of OGD treatment. After OGD, the cells were washed with HEPES-MEM and the coverslips were placed in the open-bath imaging chamber containing HEPES-MEM with the antioxidant supplement at ambient temperature. Using a Nikon TE 300 inverted epifluorescence microscope and a 40ϫ objective lens, neurons were excited every 10 min at 345 and 385 nm, and the emission fluorescence at 510 nm was recorded. Images of cells (ϳ20/field) were collected and analyzed with the MetaFluor image-processing software. At the end of each experiment, the cells were exposed to 1 mM MnCl 2 in Ca 2ϩ -free HEPES-MEM. The Ca 2ϩ -insensitive fluorescence was subtracted from each wavelength before calculations . The MnCl 2 -corrected 345/385 emission ratios were converted to concentration as described in our previous study .
To monitor Ca 2ϩ release from mitochondria, FCCP (10 M) and oligomycin (2.5 g/ml) were applied to collapse the mitochondria membrane potential and to block F 1 F 0 -ATP synthase.
Immunofluorescence staining. Cultured cells grown on coverslips were rinsed with PBS, pH 7.4, and fixed with 4% paraformaldehyde in PBS . After rinsing, cells were incubated with blocking solution (10% normal goat serum, 0.4% Triton X-100, and 1% bovine serum albumin in PBS) for 1 h. Cells were incubated with anti-NHE1 polyclonal antibody (G116, 1:100) plus anti-␤III tubulin monoclonal antibody (1:200) for 1 h at 37°C, followed by overnight incubation at 4°C. After rinsing in PBS, cells were incubated with goat anti-mouse fluorescein isothiocyanate-conjugated IgG (1:100; Sigma) and goat anti-rabbit Texas Red-X conjugated IgG (1:100; Invitrogen) for 1 h at 37°C. Fluorescence images were captured by the Nikon TE 300 inverted epifluorescence microscope (20ϫ) using a Princeton Instruments MicroMax CCD camera and MetaMorph image-processing software. Identical digital imaging acquisition parameters were used in both negative control and experimental images.
Cytochrome c immunofluorescence. Colocalization of cytochrome c (Cyt C) release and neuronal death was determined with PI staining in conjunction with a specific antibody staining against Cyt C (Pei et al., 2003) . Briefly, cells on coverslips were first stained with 5 M PI for 5 min and washed with PBS three times. They were fixed in 4% paraformaldehyde in PBS for 10 min. After rinsing, cells were incubated with the blocking solution for 20 min followed by the application of the anti-Cyt C antibody (1:100 diluted in blocking buffer) for 1 h at room temperature. After rinsing in PBS, coverslips were incubated with goat antimouse fluorescein isothiocyanate-conjugated IgG (1:100) for 1 h at 37°C. Fluorescence images were captured by the Nikon TE 300 inverted epifluorescence microscope (60ϫ) using a Princeton Instruments MicroMax CCD camera and MetaMorph image-processing software.
Quantitation of Cyt C release from mitochondria. Cyt C release in the cytosol was assessed after subcellular fraction preparation. The culture medium was removed from the plates, and cells were incubated in 2 ml of Trypsin (0.2 mg/ml)-EDTA (1 mM) solution at 37°C for 10 min. The cells were detached and cell suspension was prepared in 5 ml of EMEM. After centrifugation of the cell suspension at 500 g for 5 min, the pellet was resuspended in 100 l lysis buffer, pH 7.4, which contained the following (in mM): 18.3 NaH 2 PO 4 , 146 NaCl, 85.9 Na 2 HPO 4 , 250 sucrose, 2 EDTA, 0.081 digitonin, and a protease inhibitor mixture as described previously . After 5 min of incubation, the cell lysate was centrifuged for 10 min at 750 ϫ g at 4°C, and the pellets containing the nuclei and unbroken cells were discarded. The supernatant was then centrifuged at 15,000 ϫ g for 15 min. The resulting supernatant was removed and used as the cytosolic fraction. The pellet fraction containing mitochondria was further incubated with PBS containing 0.5% Triton X-100 for 10 min at 4°C. After centrifugation at 16,000 ϫ g for 10 min, the supernatant was collected as mitochondrial fraction. Protein content was determined by bicinchoninic acid method . The levels of Cyt C in cytosolic and mitochondrial fractions were measured using the Quantikine M Rat/Mouse Cytochrome C Immunoassay kit (R&D Systems, Minneapolis, MN).
Gel electrophoresis and Western blotting. Cells were scraped from the plates and lysed in PBS, pH 7.4, containing 2 mM EDTA and protease inhibitors by 30 s sonication at 4°C . Protein content was determined as above. Protein samples (15 g/lane) and prestained molecular mass markers (Bio-Rad, Hercules, CA) were denatured in SDS reducing buffer (1:2 by volume; Bio-Rad). The samples were then electrophoretically separated on 6% SDS gels, and the resolved proteins were electrophoretically transferred to a polyvinylidene difluoride membrane . The blots were incubated in 7.5% nonfat dry milk in Tris-buffered saline (TBS) overnight at 4°C and then incubated for 1 h with a primary antibody. The blots were rinsed with TBS and incubated with horseradish peroxidase-conjugated secondary IgG for 1 h. Bound antibody was visualized using the enhanced chemiluminescence assay (Amersham Biosciences, Piscataway, NJ).
Polycolonal G116 antibody against NHE1 (1:1000) (Kelly et al., 1997 ) and anti-␤ tubulin monoclonal antibody (1:3000) were used for detection of NHE1 and ␤ tubulin (type-III), respectively.
Animal preparation. NHE1 ϩ/ϩ adult mice (SV129/Black Swiss; 20 -25 g) were anesthetized with 5% halothane for induction and 0.8 -1.0% halothane plus N 2 O and O 2 (3:2) for maintenance. The left femoral artery was cannulated for blood pressure monitoring and sampling. Blood samples (80 -100 l) were taken before and during 1 h ischemia for analysis of P a O 2 , P a CO 2 , pH, Na ϩ , and K ϩ with an i-STAT analyzer (i-STAT, East Windsor, NJ). The normal volume was maintained by injection of isotonic saline. Rectal temperatures were monitored and maintained at 37.0 Ϯ 0.5°C with a heating blanket and a heating lamp. In a separate set of animals, tympanic membrane temperature was measured with an infrared thermometer (Thermoscan IRT 4020; Braun, Kronberg, Germany). Regional cerebral blood flow (CBF) was measured with a laser Doppler probe as described previously (Chen et al., 2005) . All of the mice underwent 2 h of middle cerebral artery (MCA) occlusion (MCAO) ischemia and subsequent 24 h reperfusion.
Focal ischemia model and drug administration. Focal cerebral ischemia in mice was induced by occlusion of the left MCA, as described previously (Chen et al., 2005) . Briefly, the left common carotid artery was exposed and the occipital artery branches of the external carotid artery (ECA) were isolated and coagulated. After coagulation of the superior thyroid artery, the ECA was dissected and coagulated. The internal carotid artery (ICA) was isolated and the extracranial branch of the ICA was then dissected and ligated. A polyamide resin glue-coated suture (6 -0 monofilament nylon) was introduced into the ECA lumen and then advanced ϳ9 -9.5 mm in the ICA lumen to block the MCA blood flow. The suture was withdrawn 2 h after MCAO. The incision was closed and the mice recovered under a heating lamp to ensure that the core temperature (36.0 Ϯ 0.6°C) was maintained during recovery. After recovery, animals were returned to their cages with free access to food and water. At 24 h of reperfusion, the animals were killed for infarction and brain water content measurements. For NHE1 inhibitor HOE 642 treatment, 1 mg/kg HOE 642 in saline was administered through the left femoral vein 5 min before the MCAO induction.
A total of 64 adult mice (20 -25 g of body mass) were used in this study. Five mice died because of perforated intracranial vessels by nylon sutures and excluded from the study. All animal procedures used in this study were conducted in strict compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the University of Wisconsin Center for Health Sciences Research Animal Care Committee.
Infarction size measurement. After 24 h of reperfusion, saline-treated control NHE1
ϩ/ϩ mice, HOE 642-treated NHE1 ϩ/ϩ mice, or NHE1
ϩ/Ϫ mice were anesthetized with 5% halothane plus N 2 O and O 2 (3:2) and then decapitated. As described in our previous study (Chen et al., 2005) , 2 mm coronal slices were made and stained for 20 min at 37°C with 2% 2, 3, 5,-triphenyltetrazolium chloride monohydrate (TTC). Infarction volume was calculated using NIH image analysis software as described by Swanson et al. (1990) . Brain swelling in the ischemic hemisphere was taken into consideration during the analysis. Infarction areas on each section were summed and multiplied by section thickness to give the infarction volume.
Water content measurement. After 24 h of reperfusion, control and HOE 642-treated NHE1
ϩ/ϩ mice were decapitated under deep anesthesia with 5% halothane plus N 2 O and O 2 (3:2). The ipsilateral and contralateral hemispheres were dissected, and wet weight of the tissue was measured. The tissue was dried at 120°C for 24 h. The hemispheric water content was calculated as the difference between wet and dry weights and expressed as a percentage of wet weight.
Statistical analysis. Values are presented as mean Ϯ SD (Figs. 3, 7-9) and mean Ϯ SE (Figs. 2, 4 , 5). Comparisons of means were performed between groups by the nonparametric Mann-Whitney test. A linear regression was fitted and compared by an F-statistic test for comparison of slopes. A p value of Ͻ0.05 was considered statistically significant.
Results
Expression of NHE1 in neurons
As shown in Figure 1 A (left), NHE1 ϩ/ϩ neurons in primary cultures were identified by immunofluorescence staining for the neuronal marker ␤III tubulin. NHE1 expression was localized in both soma and neurite processes ( Fig. 1 A, middle) . Colocalization of NHE1 and tubulin was found in all neurons ( Fig. 1 A,  right) .
Expression of NHE1 protein in NHE1 ϩ/ϩ neuronal cultures was examined by immunoblotting ( Fig. 1 B) . Lysates of cultured cells (3-11 DIV) were probed for expression of NHE1 and ␤III-tubulin proteins. No NHE1 protein was detected at 3 DIV, but a protein band of ϳ110 kDa gradually increased at 8 and 10 DIV. At 11 DIV, neuronal cultures expressed abundant NHE1 protein, which is consistent with the immunofluorescence staining data (shown above). Inability to detect NHE1 protein at 3 DIV is not attributable to insufficient protein loading. On the same blot, expression of ␤III-tubulin was readily seen at 3 DIV and throughout 8 -11 DIV. A development-dependent expression of NHE1 has also been seen in vivo at postnatal day 1 (P1) and P13 ). Given 21 d of gestation in mice, the age of 8 -11 DIV neuronal cultures would be similar to one in P2-P5 mice.
Because the neuronal-enriched cultures used in this study contained ϳ10 -15% astrocytes, the immunoreactive signals of NHE1 in the immunoblot represent expression of NHE1 protein from both neurons and astrocytes.
NHE1 is important in pH i regulation after intracellular acidosis
We then investigated whether inhibition of NHE1 activity with the potent NHE1 inhibitor HOE 642 affects pH i regulation in NHE1 ϩ/ϩ cortical neurons. As shown in Figure 2 A, when a NHE1 ϩ/ϩ neuron was exposed to 10 mM NH 3 /NH 4 , pH i rose rapidly as NH 3 diffused into the cell and combined with H ϩ to form NH 4 ϩ ( Fig. 2 Aa,b). As the cell was returned to the standard HCO 3 --free HEPES-buffered solution, pH i decreased sharply as NH 4 rapidly left the cell as NH 3 , trapping H ϩ inside (Fig. 2 Ab,c). After the acid load, pH i recovered within 5 min (Fig. 2 Ac,d ). To test whether NHE1 functions in H ϩ extrusion and pH i recovery, the cell was subsequently exposed to 1 M HOE 642, which decreased resting pH i (Fig. 2 Ad,e). A second NH 3 /NH 4 ϩ prepulse (Fig. 2 Ae,f ) triggered a sudden decrease in pH i , and pH i recovery was blocked by HOE 642 (Fig. 2 Ag,h) .
Basal pH i in cortical NHE1 ϩ/ϩ neurons was 7.14 Ϯ 0.04 (Fig.  2 D) . Inhibition of NHE1 activity with HOE 642 significantly reduced basal pH i to 6.93 Ϯ 0.04 ( p Ͻ 0.05). In response to acidosis, NHE1 ϩ/ϩ neurons exhibited a fast pH i recovery with a 0.28 Ϯ 0.02 pH U/min rate (at a mean pH i of 6.64 Ϯ 0.03) (Fig.  2 A, E) . pH i returned to the basal level in 3.49 Ϯ 0.60 min in NHE1 ϩ/ϩ neurons. In contrast, when NHE1 activity was blocked by HOE 642, pH i recovery rate decreased to 0.02 Ϯ 0.01 pH U/min (at a mean pH i of 6.58 Ϯ 0.04; p Ͻ 0.05) (Fig. 2 A, E) and pH i failed to return to the basal level during the ϳ15 min recovery time.
H ϩ extrusion and pH i recovery were also reduced in NHE1 ϩ/Ϫ neurons (Fig. 2 B) . After acidosis, pH i recovery rate was 0.17 Ϯ 0.06 pH U/min in NHE1 ϩ/Ϫ neurons (at a mean pH i of 6.66 Ϯ 0.05) (Fig. 2 B, E) , a ϳ40% of reduction compared with NHE1 ϩ/ϩ neurons. Inhibition of NHE1 with HOE 642 caused an additional decrease of H ϩ extrusion in NHE1 ϩ/Ϫ neurons. This indicates that NHE1 ϩ/Ϫ neurons indeed express less NHE1 activity. NHE1 Ϫ/Ϫ neurons exhibited a reduced basal pH i (7.03 Ϯ 0.02) (Fig. 2C,D) . There was no pH recovery after the acidosis in NHE1 Ϫ/Ϫ neurons (Fig. 2C) . NHE1 Ϫ/Ϫ neurons had an initial pH i recovery rate of only 0.04 Ϯ 0.01 pH U/min (at a mean pH i of 6.52 Ϯ 0.06; p Ͻ 0.05) (Fig. 2 E) and exhibited no significant pH i recovery after acidification. Together, these data suggest that NHE1 is involved in maintenance of resting pH i in cortical neurons and plays an essential role in acid extrusion after acidosis.
Inhibition of NHE1 activity significantly reduces OGD-induced cell death A low level of cell death occurred in control NHE1 ϩ/ϩ neurons (Fig. 3 A, B) . After 3 h of OGD and 21 h of REOX, NHE1 ϩ/ϩ neurons exhibited a significant increase in cell death (68 Ϯ 10%; p Ͻ 0.05) (Fig.  3C , D, G) compared with basal levels of cell death under normoxic conditions. In contrast, inhibition of NHE1 activity with 1 M HOE 642 significantly attenuated OGD-mediated cell death in NHE1 ϩ/ϩ neurons (33 Ϯ 14%; p Ͻ 0.05) (Fig.  3 E, F,G) . This finding suggests that NHE1 plays a role in ischemic neuronal damage.
To further confirm that NHE1 activity contributes to ischemic neuronal death after OGD, we also investigated whether NHE1 ϩ/Ϫ and NHE1 Ϫ/Ϫ neurons exhibit less cell damage. As shown in Figure 3G , compared with the ϳ70% cell death observed in NHE1 ϩ/ϩ neuron cultures, NHE1
Ϫ/Ϫ and NHE1 ϩ/Ϫ neurons exhibited a significant reduction in OGDmediated cell death (41 Ϯ 13 and 50 Ϯ 7%, respectively; p Ͻ 0.05). No additional neuroprotection was found when NHE1 Ϫ/Ϫ neuron cultures were exposed to 1 M HOE 642 (42 Ϯ 15%; p Ͼ 0.05) (Fig. 3G) . Although the cell death rate was slightly higher in HOE 642-treated NHE1 Ϫ/Ϫ neurons, it was not significantly different from that of HOE 642-treated NHE1 ϩ/Ϫ or NHE1 ϩ/ϩ neurons. This finding further supports our hypothesis that NHE1 plays a role in ischemic neuronal damage.
NHE1
؊/؊ neurons or NHE1 ؉/؉ neurons treated with HOE 642 reduce the second phase of Na ؉ rise during reoxygenation We hypothesized that NHE1 contributes to ischemic cell death in part via intracellular Na ϩ loading. To further investigate the role of NHE1 in the change of Na ϩ homeostasis, cells were exposed to 2 h of OGD, and [Na ϩ ] i was monitored at the end of OGD and at 10 min intervals during 60 min REOX (Fig. 4 A-D (Fig.  4 A) . At the end of 60 min REOX, [Na ϩ ] i increased to 43.3 Ϯ 3.0 mM in NHE1 ϩ/ϩ neurons. In contrast, the OGD-induced rise in [Na ϩ ] i was significantly slower in NHE1 Ϫ/Ϫ neurons (0.20 Ϯ 0.01 mM/min; p Ͻ 0.05) (Fig. 4 B) or in NHE1 ϩ/ϩ neurons treated with HOE 642 (0.15 Ϯ 0.01 mM/min; p Ͻ 0.05) (Fig. 4C) (Fig. 4 A-C) . The rates of increase in Na ϩ i were not different between NHE1 Ϫ/Ϫ neurons and NHE1 ϩ/ϩ neurons plus HOE 642 ( p Ͼ 0.05); however, they were still higher than those observed under normoxic control conditions ( p Ͻ 0.001) (Fig. 4 A-C) . Moreover, Na ϩ i rise was irreversible and no recovery was found at 3 h REOX (data not shown). These findings suggest that NHE1 activation is in part responsible for the Na ϩ overload in neurons during reoxygenation.
To further verify the role of NHE1 in Na ϩ overload, similar , b) , the cells were exposed to 10 mM NH 3 /NH 4 ϩ for 1 min (b, c) and then returned to standard HEPES-buffered solution, and pH i recovered (c, d). After the pH i plateaued, the cells were exposed to 1 M HOE 642 in HEPESbuffered solution, and a new basal pH i was established (d, e). The cell was then exposed to a second NH 4 ϩ -prepulse (f, g), and pH i recovery rate was monitored (g, h) . B, C, A representative trace of pH i from a NHE1 ϩ/Ϫ (B) or NHE1 Ϫ/Ϫ (C) neuron in response to a similar protocol as in A. D, E, Summary of the change in basal pH i (D) and pH i recovery rate (E) after acidification. Data are expressed as mean Ϯ SE (n ϭ 4 -13). *p Ͻ 0.01 versus ϩ/ϩ; # p Ͻ 0.01 versus ϩ/Ϫ without HOE.
experiments were performed at more physiological conditions (37°C and in the presence of HCO 3 Ϫ ). As shown in Figure 4D , Na ϩ rise in NHE1 ϩ/ϩ neurons was accelerated (1.0 mM/min) after 2 h of OGD and reached 52 Ϯ 0.1 mM at 60 min REOX. In contrast, NHE1 Ϫ/Ϫ neurons exhibited significantly less Na ϩ accumulation (0.54 mM/min). The amount of Na ϩ accumulation via NHE1 was similar at room temperature versus 37°C. This differs from the reports that NHE activity is reduced at room temperature in myocytes and acutely isolated rat hippocampal neurons ( NHE1 ϩ/ϩ neurons). These findings suggest that NHE1 activity is required for intracellular Ca 2ϩ rise in neurons after OGD.
The lack of Ca 2ϩ i rise at the end of 2 h of OGD is in contrast to the study in mouse cortical neuron culture (Goldberg and Choi, 1993) . We speculated that our current OGD treatment was mild and the induction of hypoxia was slow. Therefore, loss of ATP energy and Ca 2ϩ homeostasis may develop slowly and moderately. The ATP level was ϳ12% of the control at the end of 2 h OGD (data not shown), determined by ATPlite (PerkinElmer, Boston, MA). Second, Ca 2ϩ may be buffered by intracellular Ca 2ϩ stores [endoplasmic reticulum (ER) and mitochondria]. Such a possibility has been revealed in our recent studies in astrocytes . As shown in Figure 5 , B and inset, a significant rise in Ca 2ϩ i after OGD was unmasked when ER Ca 2ϩ -ATPase was inhibited with thapsigargin. This OGDmediated Ca 2ϩ accumulation in ER was blocked by NHE1 inhibition.
Reversal of Na
؉ /Ca 2؉ exchange leads to the rise in [Ca 2؉ ] i after OGD/REOX We hypothesized that NHE1 activity contributes to the OGD/REOX-mediated Ca 2ϩ rise by triggering a reversal of Na ϩ / Ca 2ϩ exchange. To examine this possibility, we tested whether SEA0400, a potent inhibitor of the reverse mode of Na ϩ / Ca 2ϩ exchange, could block the rise in intracellular Ca 2ϩ . As shown in Figure 5C , in the presence of 1 M SEA0400, OGD/ REOX failed to elicit a time-dependent rise in [Ca 2ϩ ] i , which was in contrast to the OGD/REOX-positive control neurons. This implies that activation of the reverse mode of the Na ϩ /Ca 2ϩ exchanger causes a rise in [Ca 2ϩ ] i after OGD/REOX. OGD/REOX-mediated Ca 2ϩ rise was abolished when both NHE1 and Na ϩ /Ca 2ϩ exchange were inhibited. Most importantly, SEA0400 had no additional inhibition on Ca 2ϩ changes in NHE1 Ϫ/Ϫ cells (Fig. 5C ). It has been suggested recently that NHE1 activation leads to mitochondrial Ca 2ϩ overload in response to H 2 O 2 -mediated oxidative stress (Teshima et al., 2003) . We therefore investigated whether stimulation of NHE1 activity after OGD/REOX affects mitochondrial Ca 2ϩ loading in cortical neurons. NHE1 ϩ/ϩ neurons were exposed to 10 M FCCP and 2.5 g/ml oligomycin under Ca 2ϩ -free conditions. There was no significant release of Ca 2ϩ in response to FCCP/oligomycin in normoxic control neurons (peak value, 7 Ϯ 13 nM) (Fig. 5D ). This is consistent with the report by Brocard et al. (2001) . After NHE1 ϩ/ϩ neurons were subjected to OGD/REOX, the peak of releasable Ca 2ϩ from mitochondria was significantly increased (48 Ϯ 5 nM) (Fig. 5D) . Moreover, in NHE1 Ϫ/Ϫ neurons, a negligible level of mitochondrial free Ca 2ϩ was released in response to FCCP/oligomycin (Ϫ2 Ϯ 5 nM). After OGD/REOX, releasable free mitochondrial Ca 2ϩ was only moderately increased (18 Ϯ 2 nM) (Fig. 5D) , and it was significantly lower than that in NHE1 ϩ/ϩ neurons (Fig. 5D ).
Together, these results suggest that mitochondria sequester a small amount of Ca 2ϩ in normoxic control neurons. OGD/ REOX triggered a significantly greater accumulation of Ca 2ϩ in mitochondria of NHE1 ϩ/ϩ neurons than of NHE1 Ϫ/Ϫ neurons.
Inhibition of NHE1 activity reduces OGD/REOX-mediated Cyt C release
Data in Figure 5 suggest that NHE1 activity plays a role in ischemic ER and mitochondrial stress. We therefore investigated whether mitochondrial Cyt C release, a hallmark of mitochondrial damage (Cao et al., 2004) , is altered after OGD/REOX. In normoxic control NHE1 ϩ/ϩ neurons, Cyt C staining showed an abundant and punctated perinuclear expression pattern (Fig. 6 A,  left, arrows) . Some punctated Cyt C staining, suggesting mitochondrial Cyt C expression, was also observed in neurites. Normal neuronal morphology was seen in the brightfield images (Fig.  6 A, arrowheads, right top) , and no PI-positive staining was found in these corresponding normoxic NHE1 ϩ/ϩ neurons (Fig.  6 A, arrowheads, right bottom) . In contrast, after 2 h OGD/22 h REOX, immunoreactivity for Cyt C was not detected in most of the NHE1 ϩ/ϩ neurons (Fig. 6 B, left, arrows) . These neurons exhibited swollen and degenerated morphology (arrowheads, right top) accompanied with positive staining for PI (Fig. 6 B, right bottom, arrowheads). The loss of Cyt C immunoreactive signals suggests that Cyt C was released from mitochondria and subsequently degraded after OGD/REOX. One neuron shown in the left center maintained some level of Cyt C expression and stained negative for PI. This again revealed a positive correlation between Cyt C release and cell death. However, when NHE1 activity was inhibited with 1 M HOE 642, OGD-mediated Cyt C release was significantly attenuated. Figure 6C (left, arrows) illustrates that strong Cyt C immunoreactivity was preserved in the HOE 642-treated NHE1 ϩ/ϩ neurons. Brightfield images of these cells showed improved cellular morphology (Fig. 6C, right top) . The NHE1 ϩ/ϩ neurons containing abundant Cyt C did not take up PI (Fig. 6C, right bottom, arrowheads) . The PI-positive cell in the field shown expressed a diffused, reduced staining for Cyt C.
In addition, we also examined whether a similar Cyt C release profile was found at 3 h OGD/21 h REOX. Many cells lost Cyt C immunoreactive signals after 3 h OGD/21 h REOX (Fig. 6 D, left,  arrows) . These cells concurrently took up PI (Fig. 6 D, right bottom, arrowheads). In contrast, both Cyt C release and cell death were prevented in NHE1 ϩ/ϩ neurons treated with HOE 642 (Fig.  6 E, left and right, arrows) . These findings further suggest that NHE1 activity plays a role in ischemic mitochondrial damage.
To further quantify Cyt C release, we determined Cyt C content from cytosolic and mitochondrial fractions of neurons with a Cyt C immunoassay. As shown in Figure 7 (inset), under normoxic conditions, the Cyt C content of the cytosol was low, and most of the Cyt C resided in the mitochondria of NHE1 ϩ/ϩ neurons. However, OGD/REOX led to ϳ100% increase in cytosolic Cyt C. The ratio of Cyt C content in the cytosol versus mitochondria was increased in a similar manner (Fig. 7) . Either inhibition of NHE1 activity with 1 M HOE 642 or genetic ablation of NHE1 activity abolished the loss of Cyt C from mitochondria. Together, these findings are consistent with the immunostaining data. These experiments demonstrated that inhibition of NHE1 activity significantly protects mitochondrial integrity in neurons after OGD/REOX. However, it is unknown whether intrinsic property of mitochondria is altered in NHE1 Ϫ/Ϫ neurons. In light of a reduced mitochondrial Ca 2ϩ accumulation in NHE1 Ϫ/Ϫ neu- rons under normoxic control conditions (Fig. 5D ), additional study is needed to clarify this issue.
HOE 642 has no effects on physiological parameters before and after ischemia in mice
We next investigated whether inhibition of NHE1 activity is neuroprotective in cerebral focal ischemia. Mean arterial blood pressure, pH, P a CO 2 , P a O 2 , Na ϩ , and K ϩ were not significantly different between sham, nontreated, and HOE 642-treated NHE1 ϩ/ϩ mice under control conditions (Table 1) . After 1 h of MCAO, the physiological measurements remained unchanged in either NHE1 ϩ/ϩ control or HOE 642-treated NHE1 ϩ/ϩ mice. Plasma Na ϩ concentrations after ischemia were the same in either NHE1 ϩ/ϩ control or HOE 642-treated NHE1 ϩ/ϩ mice. However, in both groups, plasma K ϩ concentrations significantly increased after ischemia ( p Ͻ 0.05). This increase may reflect the release of intracellular K ϩ as a result of surgeryinduced tissue damage, as the sham-surgery animals also showed an increase in plasma K ϩ (4.7 Ϯ 0.9 mM). NHE1 ϩ/ϩ control or HOE 642-treated mice showed a similar degree of decrease in regional CBF after MCAO induction (13.0 Ϯ 6.3 vs 10.0 Ϯ 8.7%) ( Table 1 ). These differences in CBF changes were not statistically significant ( p Ͼ 0.05). MCAO caused a ϳ0.7-0.9°C reduction in ipsilateral tympanic membrane temperature compared with contralateral side, which persisted at 1-2 h reperfusion (Table 2 ). This drop in temperature occurred in both NHE1 ϩ/ϩ control and HOE 642-treated NHE1 ϩ/ϩ mice as well as NHE1 ϩ/Ϫ mice (36.4°C at 1 h reperfusion). Therefore, neuroprotective effects observed in HOE 642-treated NHE1 ϩ/ϩ mice and NHE1 ϩ/Ϫ mice unlikely result from mild hypothermia after MCAO.
Inhibition of NHE1 with HOE 642 is neuroprotective in focal ischemia
We first examined whether inhibition of NHE1 activity with HOE 642 is neuroprotective in the focal ischemia model. Infarction volume was assessed in control-and HOE 642-treated NHE1 ϩ/ϩ brains (Fig. 8 A) . The predominant lesion was found in a region 4 -6 mm posterior to the frontal pole, where blood supply is primarily from the middle cerebral artery. After 2 h of MCAO and 24 h of reperfusion, the average total infarction volume (cortical plus subcortical areas) in control NHE1 ϩ/ϩ mice was 84.8 Ϯ 17.7 mm 3 (Fig. 8 B) . In HOE 642-treated NHE1
ϩ/ϩ mice, the average total infarct volume was 56.8 Ϯ 25.9 mm 3 ( p Ͻ 0.05).
We then tested whether inhibition of NHE1 activity reduces edema. Water content in control and HOE 642-treated NHE1 ϩ/ϩ mice were shown in Figure 8C . In control NHE1
ϩ/ϩ mice, water content averaged 78.5% in the contralateral hemispheres. Ischemia led to a significant increase in water content in the ipsilateral hemispheres of control NHE1 ϩ/ϩ mice (82.2%; p Ͻ 0.01) (Fig. 8C) . In HOE 642-treated NHE1 ϩ/ϩ mice, the increase in water content was less than that in control NHE1 ϩ/ϩ mice, but it remained significantly higher than that in contralateral sides (78.8 Ϯ 0.3 vs 80.7 Ϯ 2.3%; p Ͻ 0.05) (Fig. 8C) .
A decrease in infarct size in NHE1
؉/؊ mice after focal ischemia Expression of NHE1 protein in NHE1 ϩ/ϩ , NHE1 ϩ/Ϫ , and NHE1 Ϫ/Ϫ mice was determined using a specific anti-NHE1 polyclonal antibody. As shown in Figure 9A , a strong NHE1 band at a molecular weight of ϳ110 K D was recognized in NHE1 ϩ/ϩ cortex. In contrast, no NHE1 expression was detected in NHE1 Ϫ/Ϫ cortex. However, expression of NHE1 protein was decreased ϳ70% in NHE1 ϩ/Ϫ mice ( p Ͻ 0.05) (Fig. 9A) . A similar level of ␤III-tubulin was detected in the same blot of three genotypes. NHE1 Ϫ/Ϫ mice cannot be used in this in vivo study of focal ischemia because of the high mortality and seizure disorder in these animals (Cox et al., 1997; Bell et al., 1999) . Because NHE1 ϩ/Ϫ mice exhibited a significant reduction of NHE1 protein in the cortex, we investigated whether this reduced expression would provide some degree of neuronal protection. NHE1 ϩ/ϩ and NHE1 ϩ/Ϫ mice underwent 2 h of MCAO and 24 h of reperfusion. Infarction volume was assessed in NHE1 ϩ/ϩ and NHE1 ϩ/Ϫ brains. The predominant lesion was found in a region 4 -6 mm posterior to the frontal pole (Fig. 9B) . After 2 h of MCAO and 24 h of reperfusion, the average total infarction volume in NHE1 ϩ/ϩ mice was 85.4 Ϯ 4.8 mm 3 . In NHE1 ϩ/Ϫ mice, the average total infarct volume was 58.2 Ϯ 11.8 mm 3 ( p Ͻ 0.05). This further confirms that NHE1 activity plays a role in focal cerebral ischemic damage.
Water content was also measured in NHE1 ϩ/ϩ and NHE1 ϩ/Ϫ mice after focal ischemia, as shown in Figure 9D . After ischemia, the water content in ipsilateral hemispheres of NHE1 ϩ/ϩ mice showed a significant increase (78.8 vs 82.7%; p Ͻ 0.01) (Fig. 9D) . In NHE1 ϩ/Ϫ mice, water content was also significantly increased in the ipsilateral sides (78.6 Ϯ 2.1 vs 81.3 Ϯ 0.4%; p Ͻ 0.01). Thus, reduction of NHE1 protein in NHE1 ϩ/Ϫ mice did not significantly improve cerebral edema.
Discussion
The role of NHE1 in steady-state pH i of cortical neurons In response to NH 3 /NH 4 -mediated acidosis, cortical neurons quickly extruded H ϩ in a process primarily mediated by NHE1 activity. Inhibition of NHE1 activity with HOE 642 blocked ϳ92% of the initial pH recovery rate in NHE1 ϩ/ϩ cortical neurons. NHE1
Ϫ/Ϫ neurons also failed to regulate pH i after acidosis. The consistent responses in HOE 642-treated cells and NHE1 Ϫ/Ϫ neurons imply that HOE 642 (1.0 M) targets only NHE1. HOE 642 is a potent, highly selective NHE1 inhibitor with an IC 50 value of 0.08 M for NHE1 (Scholz et al., 1995) . In contrast, the IC 50 values of HOE 642 for NHE2, NHE3, and NHE4 are 1.6, 1000, and 250 M, respectively (Scholz et al., 1995) . The IC 50 value of another HOE 642 analog, HOE 694, for NHE5 is 9.1 M (Numata and Orlowski, 2001) . If NHE2, NHE3, or NHE4 were involved in pH i regulation in cortical neurons, then an effect on pH i would have been observed in the presence of 1.0 M HOE 642. Compared with NHE1, these plasma membrane isoforms are expressed in the rat cerebral cortex at significantly lower levels . Our study provides functional evidence for an essential role of NHE1 in the regulation of pH i in cortical neurons in the absence of HCO 3 Ϫ .
Inhibition of NHE1 activity is neuroprotective after both in vitro and in vivo ischemia Stimulation of NHE1 activity is detrimental to the ischemic myocardium (Avkiran, 2001) , and we recently reported that both pharmacological inhibition and genetic ablation of NHE1 reduced the impairment of Na ϩ and Ca 2ϩ homeostasis in cortical astrocytes after OGD . In this study, we found that the selective NHE1 inhibitor HOE 642 significantly reduced OGD-mediated neuronal cell death by ϳ50% in NHE1 ϩ/ϩ mice. Genetic ablation of NHE1 attenuated neuronal cell death by ϳ37%. Moreover, a significant reduction in infarction in cerebral focal ischemia occurred when NHE1 activity was inhibited with HOE 642 in NHE1 ϩ/ϩ mice or in NHE1 knockdown (NHE1 ϩ/Ϫ ) mice. This neuroprotection may result from a blockage of NHE1 activity in both astrocytes and neurons.
In this study, we took both pharmacological and genetic ablation approaches to elucidate the role of NHE1 in neuronal ischemic damage. The combination of these approaches overcame the shortcomings of each method. For instance, the spontaneous NHE1 mutant mice (slow-wave epilepsy) exhibit upregulation of NHE3 in cerebellum, Na ϩ channel current density in hippocampal and cortical neurons, and downregulation of brain-specific anion exchanger isoform 3 in the hippocampus (Xia et al., 2003; Xue et al., 2003) . In addition, NHE1-deficient brains exhibited regionally specific downregulation of many genes, implying that NHE1 may function as a signaling molecule (Zhou et al., 2004) . In contrast, high concentrations of HOE 642 can affect multiple isoforms of NHE. Therefore, we were careful in the experimental design to avoid any potential nonspecific effects of HOE 642 by using a low concentration. By comparing the effects of inhibition of NHE1 with HOE 642 and genetic ablation of NHE1, we are able to rule out any compensatory effects from other genes in NHE1 null neurons. Additionally, we confirmed neuroprotection mediated by NHE1 knockdown using NHE1 heterozygous neurons or mice. All of these approaches gave similar results, and of NHE1 activity with HOE 642 prevented the OGD/REOXmediated Cyt C release and death of NHE1 ϩ/ϩ neurons. Together, our findings support the view that NHE1 activity plays a role in mitochondrial dysfunction in oxidative cell damage. Therefore, preserving mitochondrial integrity by NHE1 inhibition may in part contribute to the neuroprotection in both in vitro and in vivo ischemia models.
In addition to targeting plasma membrane NHEs, recent reports suggest that NHE inhibitors could exert their anti-ischemic effect at the mitochondrial level. HOE 642 (7 M) delayed mitochondrial matrix acidification and slowed ATP depletion in cardiomyocytes during ischemic conditions despite enhanced mitochondrial Ca 2ϩ accumulation (Ruiz-Meana et al., 2003) . The NHE inhibitor SM20550 attenuated Ca 2ϩ overload in rat myocardial mitochondria after ischemia and reperfusion (Yamamoto et al., 2002) . It remains to be further clarified whether the HOE 642 (1 M)-mediated neuroprotection in the current study results from targeting of both cytoplasmatic NHE1 and mitochondrial NHEs or whether NHE1 Ϫ/Ϫ neurons exhibit altered mitochondrial Ca 2ϩ buffering activity. In summary, we report here that NHE1 activity contributes to ischemic neuronal death after in vitro and in vivo ischemia. The underlying mechanisms include the activation of NHE1 activity in conjunction with the Na ϩ /Ca 2ϩ exchanger leading to disruption of intracellular Na ϩ and Ca 2ϩ homeostasis. In addition to cytosolic Ca 2ϩ overload, NHE1 activity also plays a detrimental role in mitochondrial Ca 2ϩ overload and mitochondrial dysfunction after ischemia.
